Abstract The presence of pharmaceuticals and endocrine-disrupting chemicals (EDCs) in wastewater treatment plant effluents is an issue of great concern due to the negative effects that these compounds may have on human health and ecosystems. The present study aims to assess the capacity of two aquatic plants (Lemna sp. and Spirogyra sp.), commonly found in polishing ponds, for removing six pharmaceutical compounds (diclofenac, acetaminophen, ibuprofen, carbamazepine, clofibric acid, and propranolol), two EDCs (17a-ethinylestradiol and bisphenol A), and one stimulant (caffeine) under laboratory-scale conditions. Planted and unplanted reactors fed with secondary-treated wastewater or ultrapure water in both covered and uncovered conditions were studied. The highest removal efficiencies, which ranged from 31 to 100 %, were achieved in uncovered planted systems containing secondary-treated wastewater after 20 days of incubation. The results demonstrated that non-charged compounds with a log Kow between 2 and 4 were affected by the presence of vegetation, probably due to their plant uptake, whereas negatively charged compounds were not. This highlights that the presence of plants in polishing ponds plays an important role in the removal of pharmaceuticals and EDCs.
Introduction
Pharmaceuticals and endocrine-disrupting chemicals (EDCs) are organic contaminants found in aquatic environments worldwide as they are incompletely removed in conventional treatment at wastewater treatment plants (WWTPs) (Giri et al. 2010; Hijosa-Valsero et al. 2010; Verlicchi et al. 2012) . Examples of these compounds are oestrogens such as oestradiol and 17a-ethinylestradiol or plasticizers such as bisphenol A, which can mimic or block the action of endogenous hormones (Snyder et al. 2003) and pharmaceutical compounds such as ibuprofen, diclofenac, and carbamazepine that have been detected in surface waters and WWTP effluents at concentrations from the ng L -1 range to up to several lg L -1 (Ratola et al. 2012) . In vitro and in vivo studies have found that active pharmaceutical compounds, whether individually or in combination, may have a negative ecotoxicological impact at the concentrations detected in the environment (Zuccato et al. 2006) .
Conventional WWTPs are designed to remove organic matter and nutrients and cannot efficiently eliminate micropollutants such as pharmaceuticals and EDCs (Murray et al. 2010; Ratola et al. 2012) . These limitations have led to the development of advanced oxidation processes such as TiO 2 -mediated heterogeneous photocatalysis, electrochemical oxidation, and sub-critical wet air oxidation to eliminate up to 99 % of recalcitrant pharmaceutical compounds such as carbamazepine and clofibric acid (Deegan et al. 2011; Karthikeyan et al. 2012; Klavarioti et al. 2008 ).
Nevertheless, advanced treatment processes require a high level of energy consumption and are expensive to build and maintain, and the water obtained from them is not as ecologically rich as that obtained through biologically-based treatments such as constructed wetlands or polishing ponds (Á vila et al. 2013; Li et al. 2013; Ortiz et al. 2011 ). These biologically-based water reclamation systems are typically located after secondary wastewater units and can be almost as effective as advanced treatment systems whilst avoiding the disadvantages of advanced systems (Imfeld et al. 2009; Matamoros and Salvadó 2012) . A further advantage is that these systems efficiently eliminate certain pharmaceuticals (Hijosa-Valsero et al. 2010; Li et al. 2014; Matamoros et al. 2012a) .
A variety of physical, chemical and biological processes such as sorption, biodegradation and photodegradation are associated with the removal of pharmaceuticals and EDCs in biologically-based wastewater treatments (Imfeld et al. 2009; Matamoros et al. 2008; White et al. 2006) . These processes, which can occur concurrently, depend on the physicochemical properties of the compound to be eliminated and on the internal plant metabolism when organic pollutants are uptaken by plants. In the latter case, a serial chain of biochemical reactions can occur, including the transformation of parent pollutants, the conjugation of metabolites with macromolecules, and the incorporation of conjugated products into cell walls and vacuoles (PilonSmits 2005; Reinhold et al. 2010 ). Recent laboratory-scale studies carried out using ultrapure or tap water have found that aquatic plants (e.g. Lemna sp. and Ceratophyllum sp.) (Matamoros et al. 2012b; Reinhold et al. 2010) can enhance the removal of pharmaceuticals such as ibuprofen and caffeine, whereas in the case of diclofenac, sulfonamides and tetracyclines they are mainly removed by photodegradation (Andreozzi et al. 2003; Garcia-Rodríguez et al. 2013) .
However, little attention has been paid neither to the effect of vegetation in the removal of other microcontaminants with different physicochemical properties nor to the combined role of vegetation, organic matter, microbial communities, and sunlight exposure in the removal of microcontaminants by polishing ponds. In the case of plants, there is also a lack of information on the differences between using superior rooted aquatic plants, such as Lemna sp., and filamentous algae, such as Spirogyra sp.
The aim of this study is to assess the capacity of polishing ponds to remove six pharmaceuticals (diclofenac, DCF; acetaminophen, ACAPh; ibuprofen, IBP; carbamazepine, CARB; clofibric acid, CLF AC; and propranolol, PROPR), two EDCs (17a-ethinylestradiol, 17-ET; and bisphenol A, BPA) and one stimulant (caffeine, CAFF). To this end, a laboratory-scale study was performed using different reactors, some containing aquatic vegetation (Lemna sp. and Spirogyra sp.). As well as evaluating the removal capability of each reactor, the study identifies the different elimination processes taking place. The compounds were selected according to their ubiquity in WWTP effluents and different physicochemical properties (Table 1 in Supplementary Material, SM). The study was carried out at the research laboratory of the University of Girona (Spain) from September to December 2011.
Materials and methods

Description of the treatment plant
Biological samples (algae and duckweed) and secondarytreated wastewater samples were obtained from the Empuriabrava WWTP, which is located in the north-east of Spain and serves a mostly residential area with a ca 67,000 population equivalent. The WWTP undertakes pre-treatment, primary clarification, activated sludge treatment, and secondary clarification. After treatment, the water is pumped into the reclamation plant, which is composed of two parallel polishing ponds and a surface flow constructed wetland. The secondary-treated wastewater effluent had a conductivity of 3,000 lS cm -1 , a pH of 8, and a total concentration of suspended solids of 2 mg L -1 .
Experimental design
Algae (Spirogyra sp.) and duckweed (Lemna sp.) were collected from the polishing pond of the same WWTP where secondary-treated wastewater samples were collected. Before initiating the experiment, these two plants were preacclimated to laboratory conditions in a 70-L fish tank for a month.
The set-up of the laboratory-scale study included a series of planted and control reactors, some covered with aluminium foil and others uncovered, which were fed with either secondary-treated wastewater or reagent ultrapure water. A total of 18 reactors were used to allow three reactors for each set of conditions (see Fig. 1 ). Each system consisted of a glass reactor with 2.5 L of secondary-treated wastewater or ultrapure water. These reactors, which were randomly distributed, were left at room temperature (20°C) and exposed to light from 36 W cool, white fluorescent tubes with a photon flux of 15 lmol m -2 s -1 in a 12 h light/darkness cycle.
A mixture of six pharmaceuticals, two EDCs, and one stimulant was added to each reactor to obtain a final concentration of 100 lg L -1 (1 mL of spiking solution at 250 mg L -1 of each compound in methanol). Ten milligrams fresh weight (fw) of algae and duckweeds were added to the corresponding containers. The experiments were run for 20 days. The fresh mass of the aquatic vegetation at the end of the experiment was about 20 g for Lemna sp. and 28 g for Spirogyra sp.
Sampling strategy
Aqueous samples of 1 mL were taken regularly during the 20 days that the experiment lasted. All samples were collected in clean brown glass bottles, filtered with PTFE filters and frozen until analysis. In order to keep the same depth of water in the reactors and correct for any losses, the reactors were refilled with secondary-treated wastewater to a pre-set mark before each sampling. The analytical methodology employed for the determination of target microcontaminants in water samples is given in the SM section.
Data analysis
Experimental results were analysed using SPSS V. 15 software (Chicago, IL, USA). The correlation coefficients of the concentration depletion of the polar microcontaminants as a function of time were calculated using parametric statistics (Pearson correlation coefficient). A principal component analysis (PCA) was conducted to treat the kinetic values obtained from the experimental data set. Once the data matrix was completed, it was autoscaled to have zero as the mean and unit variance (correlation matrix) in order to avoid problems arising from the different measurement scales and numerical ranges of the original variables. Varimax rotation was also used in the analysis.
Results and discussion
Behaviour of the selected microcontaminants
The variation in the concentration of the selected pharmaceuticals and EDCs in water throughout the experiments can be seen in Figs. 2, 3 and 4. Compounds were grouped according to their removal efficiencies in uncovered planted or unplanted reactors fed with secondary-treated wastewater. They were classified as follows, highly degradable compounds (CAFF and ACAPh) when removal efficiencies were around 100 % in \10 days, moderately degradable compounds (BPA, 17-ET, IBP, and PROPR) when removal efficiencies ranged from 88 to 100 % after 20 incubation days, and poorly degradable compounds (DCF, CLF AC, and CARB) when removal efficiencies ranged from 20 to 41 % in 20 days. Afterwards, the results obtained for each of these groups were evaluated taking into account different parameters, such as the physicochemical properties of the compounds (e.g. log Kow, and pKa (Table 1-SM)), water composition (ultrapure water and secondary-treated wastewater), light effect (differences between the degradation profiles obtained from the covered and uncovered experiments fed with treated wastewater or ultrapure water) and plant effect (degradation profiles obtained from planted and unplanted reactors fed with secondary-treated wastewater).
Finally, the main processes affecting the removal of microcontaminants-biodegradation, photodegradation (direct or indirect), and plant uptake-are identified for each group, although it must be remembered that different removal processes can occur simultaneously in Fig. 1 Scheme of the experimental setup biologically-based wastewater treatment systems (Macek et al. 2000; Zhang et al. 2010 ). Figure 2a and b show that after 10 days of incubation, almost complete elimination was obtained for both ACAPh and CAFF in all reactors filled with secondary-treated wastewater. Moreover, the reactors containing Lemna sp. and Spirogyra sp. presented the fastest elimination rates resulting in efficiencies of 84 ± 1 % in the removal of ACAPh after 2 days of incubation and of 83 ± 8 % in the removal of CAFF after 5 days of incubation. However, in reactors filled with ultrapure water, elimination was much lower (\25 % after 20 days). Therefore, biodegradation and removal due to the presence of plants can be considered as the main processes involved in the elimination of ACAPh and CAFF. The presence of bacteria and organic matter in secondary-treated wastewater can enhance biodegradation of compounds such as ACAPh and CAFF, whose high biodegradation rates in surface waters and wastewaters have been reported in different studies (Conckle et al. 2008; Zhang et al. 2012a) . Moreover, the presence of plants, producing exudates and containing microorganisms on their surfaces, aids the removal of these compounds through both biodegradation and plant uptake (Dordio et al. 2010; Reinhold et al. 2010) . These results agree with those found by Matamoros et al. (2012a) for CAFF in laboratory assays using hydroponic cultures as well as those obtained by Zhang et al. (2012b Zhang et al. ( , 2013a in a mesocosm study planted with Scirpus sp., in which removals of[85 % were achieved. The high polarity and lack of charge at environmental pH of both ACAPh and CAFF explain their uptake by aquatic plants (Trapp 2009 ). Zhang et al. (2013a) also observed that non-charged compounds, such as CAFF, were easily incorporated by Scirpus validus, an aquatic plant. Nevertheless, in comparison with previous laboratory studies with synthetic river water, the effect of vegetation on the removal of CAFF was much lower (Matamoros et al. 2012b ). This can be explained by the differences in the water composition used in the different studies, as the content of organic matter and bacteria is, in general, higher in secondary-treated wastewater than surface water. Figure 3a and b show significant concentration declines for BPA, 17-ET, IBP, and PROPR in the uncovered reactors fed with secondary-treated wastewater. BPA, 17-ET and PROPR were removed more efficiently in planted than unplanted reactors during the first 10 days, with removal efficiencies ranging from 68 to 95 %. However, in the covered control reactors filled with the same type of water, the percentages of elimination were lower (\34 %). No elimination was observed in either covered or uncovered Fig. 2 Decline concentration of highly degradable compounds in the a covered control reactors fed with secondary-treated wastewater (inverted filled black triangles) or ultrapure water (filled black squares) and uncovered control reactors fed with secondary-treated wastewater (inverted filled green triangles) or ultrapure water (filled pink squares). b Lemna sp. (filled black circles), Spirogira sp (filled red circles) and uncovered control reactors fed with secondarytreated wastewater (inverted filled green triangles) control reactors filled with ultrapure water. Based on these findings, it can be deduced that the presence of microorganisms, organic matter, nitrates, and other matrix components in the secondary-treated wastewater favours the removal of these compounds by indirect photodegradation or biodegradation, as has previously been reported by White et al. (2006) in constructed wetlands. Moreover, as stated by Á vila et al. (2013) and Kumar et al. (2011) , in the presence of adequate photosensitizers, such as bacteria or plant exudates, BPA, 17-ET, IBP, and PROPR can be biodegraded or spontaneously photodegraded in natural waters, corroborating the high removal rates obtained in our study.
Highly degradable compounds
Moderately degradable compounds
The differences observed between planted and unplanted reactors may be explained by indirect effects such as the presence of plant exudates and microbial activity associated with the biofilm development on the plants' surface or by the direct uptake of these compounds by the plants (Matamoros et al. 2012a, b) . Moreover, as Spirogyra sp. grew in the uncovered reactors filled with secondary- Fig. 3 Decline concentration of moderately degradable compounds in the a covered control reactors fed with secondary-treated wastewater (inverted filled black triangles) or ultrapure water (filled black squares) and uncovered control reactors fed with secondarytreated wastewater (inverted filled green triangles) or ultrapure water (filled pink squares). b Lemna sp (filled black circles), Spirogyra sp. (filled red circles) and uncovered control reactors fed with secondary-treated wastewater (inverted filled green triangles) treated wastewater 10-15 days after starting the experiment, this plant may contribute to increasing the removal of contaminants, resulting in similar levels of elimination in both planted and unplanted reactors. In a laboratoryscale study, Shi et al. (2010) obtained removal efficiencies of [80 % for 17-ET when duckweed or algae was present in the water. Kumar et al. (2011) also obtained removal efficiencies of [90 % in a microcosm of a surface flow constructed wetland containing different type of plants. Á vila et al. (2010) , when evaluating the capacity of horizontal flow constructed wetlands for the removal of emerging organic contaminants, achieved removals ranging from 85 to 99 % for BPA and IBP, similar to the results obtained by Li et al. (2013) in a lagoon system where removals of 79-99 % of IBP were obtained. These results suggest that non-charged compounds with a log Kow of between 3 and 4 (BPA, 17-ET, and PROP) are consistently uptaken by plants (Deegan et al. 2011) , as it has been previously postulated by different authors for other compounds with similar log Kow (Pilon-Smits 2005; Tsao 2003). Moreover, sorption into solid particles must also be taken into account. The concentration decline observed in the different type of reactors for IBP, an ionic compound at environmental pH conditions, cannot be mainly associated to plant uptake as the electrical repulsion between the negative charge of anions and the negative charge of the biomembrane does not permit the plant uptake of ionized compounds (Trapp 2009 ). Therefore, indirect photodegradation and biodegradation are considered to be the main removal processes for IBP, whereas plant uptake and sorption on the surface of the vegetation and into solid particles are for non-ionized compounds such as BPA, 17-ET, and PROP (log Kow = 3-4).
Poorly degradable compounds
DCF, CLF AC, and CARB were the compounds found to have been least removed after the 20 experimental days with final removal rates of \45 %. No significant differences were observed between the reactors compared with any of the studied compounds (Fig. 4a, b) except for DCF and CARB in uncovered and planted reactors, respectively, where the removal efficiencies were greater. The removal efficiencies obtained agree with the reported recalcitrance of these compounds (Matamoros and Salvadó 2012; Zhang et al. 2012b ). However, as stated by Andreozzi et al. (2003) , when some microcontaminants, such as DCF, are exposed to sunlight, they are photodegraded either by direct or indirect mechanisms, which is consistent with the higher removal efficiency observed for DCF in uncovered, light-exposed reactors. Moreover, some studies have reported the influence of sunlight radiation on the removal of DCF in natural lakes and biologically-based reclamation plants (Matamoros et al. 2012a) .
The results obtained for CARB and CLF AC agree with their already stated high recalcitrance to biodegradation and photodegradation in surface waters, conventional activated sludge WWTPs and polishing ponds (Heberer 2002; Hijosa-Valsero et al. 2010; Matamoros and Salvadó 2012; Moldovan et al. 2009; Tixier et al. 2003) . Finally, the greater elimination of CARB (71 ± 4 % in 2 days) in reactors planted with Lemna sp. can be explained by the fact that this plant has roots that may facilitate its uptake (log Kow = 2.45). Conversely, plant uptake does not seem to be relevant for CLF AC, an ionic compound in environmental pH conditions (pKa 3.2). Dordio et al. (2010 Dordio et al. ( , 2011 also obtained high removals of CARB (88-97 %) in the presence of rooted plants (Typha sp.) in a microcosm study and Zhang et al. (2013b) reported that CARB was easily incorporated to S. validus, an aquatic plant.
Kinetics removal rates Table 1 shows the kinetic parameters obtained for the different experiments. The decay of the concentration of studied compounds in water under the different experimental conditions fits well with a pseudo-first order kinetic, which should be related to the effect of biodegradation and photodegradation processes, generally described as first order reactions (Matamoros et al. 2009 ). The simplified pseudo-first order equation used in this study is as follows:
where [A] is the concentration of the compound at any moment of time, [A] o is the initial concentration of the compound, k is the removal rate coefficient (in units of 1/time), and t is the time since the experiment started. Pseudo-first order removal rates were compound dependent and ranged from \0.001 to 0.503 day -1 in reactors filled with secondary-treated wastewater and from \0.001 to 0.017 day -1 in reactors filled with ultrapure water. These latest reactors were those which presented higher values of half-life for all the studied compounds (45 to [800 days). The lowest values were obtained for reactors fed with secondary-treated wastewater, whereas the greatest were for the control covered reactors, indicating that photodegradation had a large influence on compounds removal.
The uncovered reactors fed with secondary-treated wastewater showed the highest removal for CAFF, IBP and ACAPh ([99 % after 20 incubation days), presenting pseudo-first order removal rates from 0.049 to 0.503 day
and half-lives between 1 and 9 days. The values for CAFF and IBP calculated in this study were higher than those previously found in a laboratory-scale study with Lemna sp. incubated under synthetic surface water (0.18 and 0.02 day -1 , respectively) (Matamoros et al. 2012b ). In the present study, the composition of the secondary-treated wastewater substantially enhanced the IBP kinetic removal rate values. Half-lives for BPA, 17-ET, IBP, and PROPR ranged from 4 to 14 days. In general, highest removal rates were obtained in uncovered reactors, ranging from 0.050 to 0.181 day -1 for both IBP and BPA in unplanted uncovered reactors. The removal of these compounds is explained by biodegradation and indirect photodegradation processes taking place in the reactor. The kinetic rates obtained are similar to those reported in constructed wetlands for the removal of these compounds (Á vila et al. 2010; HijosaValsero et al. 2010; Kumar et al. 2011) .
Recalcitrant compounds DCF, CLF AC and CARB showed the lowest removal efficiencies, as photodegradation, biodegradation, and plant uptake do not seem to be significant processes in the elimination of these compounds (Conckle et al. 2008; Matamoros and Salvadó 2012) , and CLF AC was the most recalcitrant compound according to the half-life (t 1/2 = 50 to [800 days). Nevertheless, it is worth mentioning that the kinetic rates of CLF AC seem to be affected by the presence of plants. In the case of CARB, the lowest half-life was achieved in reactors containing the rooted superior plant (Lemna sp., t 1/2 = 20 days) as has been discussed above (Dordio et al. 2011 ).
PCA
A principle component analysis (PCA) was performed using the whole data set in order to deepen our understanding of the main processes involved in the removal of selected contaminants in aquatic systems. The PCA reduced the nine measured variables to two principal components with eigenvalues [1, which explain 93 % of the variability of the system. The first principal component (PC1) had positive loadings ([0.9) for CARB (1) and ACAPh (3), which presented the highest removal rates in Lemna sp. reactors fed with secondary-treated wastewater. The second component (PC2) had high positive values for CAFF (2) and CLF AC (7), which had the highest removal rates in Spirogyra sp. reactors fed with secondary-treated wastewater. The positive values of both PC1 and PC2 are associated with the greater removal efficiency that is achieved when aquatic plants are present in the reactors. The other compounds, 4, 5, 6, 8, and 9, had similarly positive values for both PC1 and PC2, indicating that the two plant species had similar effects on their removal rates. Figure 5 is the scores plot for PC1 versus PC2. The six different experimental conditions were grouped into three clusters depending on the influence of the vegetation. Group I, which presented low values for both PC1 and PC2, consisted of covered control reactors fed with secondary-treated wastewater and the covered and uncovered control reactors fed with ultrapure water. No vegetation effect was observed in these reactors. Group II corresponds to the Lemma sp. reactors and finally Group III, which presented high positive values for PC2, was made up of Spirogyra sp. reactors and uncovered control reactors fed with secondary-treated wastewater. As has been mentioned above, the growth of Spirogyra sp. in the unplanted reactors explains their proximity to the group formed by reactors planted with algae. 
Conclusion
The compounds studied are grouped according to their removal efficiencies in uncovered reactors filled with secondary-treated wastewater after 20 incubation days: highly degradable compounds (CAFF and ACAPh) when removal efficiencies were near to 100 % in \10 days, moderately degradable compounds (BPA, 17-ET, IBP, and PROPR) when removal efficiencies ranged from 88 to 100 % after 20 days, and poorly degradable compounds (DCF, CLF AC, and CARB) when removal efficiencies ranged from 20 to 41 % after 20 days. Pseudo-first order removal rates ranged from 0.001 to 0.503 day -1 , with half-lives between 2 and [800 days. Finally, a PCA was successfully employed for the determination of the specific positive effect of Lemnna sp. on the removal rate of CARB and ACAPh, as well as the effectiveness of algae on CAFF and CLF AC removal. Furthermore, this study has demonstrated that non-charged compounds with a log Kow between 2 and 4 (BPA, 17-ET, CARB and PROP) were affected by the presence of vegetation, probably due to their plant uptake, whereas negatively charged compounds (IBP, DCF, and CLF AC) were not. Hence, we can conclude that the presence of aquatic plants can play an important role in the removal efficiency of pharmaceuticals and EDCs from polishing ponds and that the selection of the most appropriate plant species should be made in function of the compounds that are to be eliminated.
